Introduction 1 Critical evaluation of MERRA (Modern-Era Retrospective analysis for Research and 2
Applications; see Appendix A for acronym definitions) global water and energy budgets has 3 documented significant improvements in the annual mean spatial patterns and amounts of 4 precipitation in NASA's latest reanalysis such that skill relative to GPCP / CMAP uncertainties 5 is equivalent to that of the ECMWF-Interim reanalysis (Bosilovich et al. 2011 ). There are, 6
nevertheless, areas where improvements can be made in the hydrologic and energy cycles of this 7 reanalysis (and other contemporary reanalyses as well). For example, regional water cycles 8 exhibit biases, and generally depend on the density and variability of observations available for 9 assimilation. The extent of these problems can be deduced from the magnitude and behavior of 10 the non-physical increment terms of state variable conservation equations (e.g. u, v, T, q). water does not allow for continental E > P over long time periods, and so this result is not 22 physical, sometimes called an imbalance. In a data assimilation system, this non-physical result 23 is generated while numerically correcting the mass in the direction of observations over long 1 periods of time. MERRA provides the analysis tendencies that can be used to diagnose closed 2 budgets, but these tendencies represent the effect of the entire observing system at the analysis 3 time. In order to better understand the source of these tendencies, it should be useful to evaluate 4 the individual observing systems for 1) data availability and 2) which observing system is most 5 closely related to the eventual analysis. While the impact of observational systems on analyses 6 has been studied in respect to forecast error (e.g. Gelaro and Zhu 2009), here, we are focusing on 7 the regional water vapor balance. 8 Here, we refer to physical observations or retrieved satellite observations that are 1 assimilated as "conventional" observations, distinguishing those from remotely sensed radiances 2 (Rienecker et al. 2011) . In data volume, the conventional observations are smaller than the 3 radiance observations, and so are merged together in a single collection of different variables, 4 whereas each assimilated channel's radiance observations are collected with its respective 5 instrument (e.g. MSU, SSU, AMSU, HIRS and SSM/I) and satellite. Conventional observations 6 with a vertical dimension (such as radiosondes) are likewise binned to MERRA's vertical grid 7 (42 pressure levels). In general, gridding does provide a cost savings for the radiance data, as the 8 spatial resolution can be very high, even if much of the globe is not observed during an 9 assimilation cycle for a given instrument. Data distribution in space and time, relative to the 10 region of interest will be discussed later in sections 3c and 3d. 11 c.
MERRA-Land 12
Recognizing that the atmospheric forcing above the land surface can be biased due to 13 atmospheric model biases, Reichle et al. (2011) developed MERRA-Land. This is a reprocessing 14 of the land model parameterization (only), using bias corrected precipitation in place of the 15 model-generated precipitation that provides the water source for land in MERRA. Other forcings 16 are derived from MERRA. The bias correction ensures that at long periods, the MERRA-Land 17 precipitation reflects observed values. In this way, we can also assess MERRA precipitation bias 18 and any consequence that may have in the budget analysis, whereas MERRA-Land provides a 19 comparison for P, E and E-P that we may expect to have some higher quality than MERRA 20 itself. 21 we will use the disparity between the years before and after 2001 to identify the impact and 13 causes of the shift. In the subsequent evaluations, we considered that the shift may be related to a 14 physical process (for example, sea surface temperature through teleconnections or lack of 15 irrigation at the land surface) or assimilated data (type, quantity or quality), but ultimately, it 16 becomes clear that observing system changes are a primary consideration. 17
Over long periods, terms for total tendency and corrections (F) can be neglected in 18 equation 1. The remaining terms of the vertically integrated water balance are provided in Figure  19 3. The first noticeable comparison is that the analysis increment (ANA) pattern over land 20 matches closely the MFD pattern, even in negative (converging) regions. The interactions with 21 the surface are apparent as well, for example, the Great Lakes appear as a source of atmospheric 22 water for divergence in E-P. However the sudden shift to positive analysis increments in 2000 23 seems to rule out a missing surface evaporative source causing the Central US positive MFD. 1
There is not an obvious correlation between the Central US E, P or E-P and ANA, which 2 suggests the water vapor being added through the analysis is contributing to MFD. Though, this 3 is not to say that an appropriate accounting of irrigation in the reanalysis is unimportant. 4
For most of the 34-year period, MERRA precipitation is lower than MERRA-Land in the 5
Central US (Figure 4a , keeping in mind that MERRA-Land precipitation is bias corrected by 6 CPCU rainfall observation data). The evaporation in both data sets is strongly constrained by the 7 precipitation, and MERRA Central US evaporation then should be underestimated. If we 8 consider that, in a physical sense, E-P should be long-term moisture flux divergence, both 9 MERRA and MERRA-Land E-P have similar interannual variability (Figure 4b ). However, 10 MERRA periods of negative E-P (convergence) seem to be somewhat weaker amplitude 11 compared to those in MERRA-Land. It is also clear that MERRA E-P shows little resemblance 12 to MFD interannual variability. The MFD interannual variability tracks very closely with the 13 analysis increment, especially the strong shift around 2000 that leads to the divergent area in 14 Figure 1 and Figure 3 . To emphasize this, Table 1 shows correlations of the annual mean time 15 series of the Central US MERRA water budget terms. The strongest interannual relationships 16 seem to be between ANA and MFD, and also between P and E. Since there is no data 17 assimilation in the land surface, at long time scales, E follows P leading to a high correlation. 18
Given that precipitation exhibits a mean low bias against observations, it is puzzling that the 19 precipitation is negatively correlated to ANA, so that the addition of water from the analysis is 20 not contributing to increased precipitation. 21 Figure 5 compares the mean annual cycle of the vertically integrated water budget before 22 and after the shift in the early 2000s. Despite substantial reductions in both E and P in more 23 recent times, E-P remains stable across the shift, again, as E is limited by P in the land model. 1
However, MFD and ANA increase substantially across the shift mainly during the warm and wet 2 seasons (relative to atmospheric temperature and humidity) from spring through early fall, with 3 differences peaking in July and August. The ANA increments are positive from June-September, 4 adding water to the column, especially after the shift. The E-P mean annual cycle peaks in early 5 summer, 1-2 months earlier than that of MFD and is substantially weaker than the latter. The 6 additional water from ANA is contributing to the increase of MFD, but it is not intuitive as yet, 7 why the precipitation should decrease. The total water tendencies are small, and do not change 8 across the shift (not shown). 9
The mean diurnal cycle (for all seasons) is characterized in Figure 6 repeatedly adding water then removing it, will be detrimental to the regional water cycle. Before 21
2001, 18Z and 06Z each act to remove water from the system at a relatively low rate. The diurnal 22 cycle of the ANA vertical profiles will be discussed further in the next section. 23
The reduction in precipitation after 2001 is spread across the diurnal cycle. Of course, 1 evaporation is small at night, so the reductions in water stored in the surface mostly affect the 2 daytime maximum of evaporation. There is a general increase of divergence across the diurnal 3 cycle, with increased daytime divergence and less nighttime convergence after 2001. A 4 substantial portion of the increased divergence occurs from 06Z through 15Z when the ANA 5 term is adding water to the system. However, at any given hour of the mean diurnal cycle, the 6 total tendency may also be non-zero. The ANA term affects first the water content as evidenced 7 by the total tendency, then MFD catches up after some time. During the drier daytime (relative 8 to surface evaporation, and smaller total positive change), the analysis increment is not adding 9
water, but divergence is removing it from the region. If the analysis were working to compensate 10 for low evaporation at the surface, the 18Z increment would be the most direct way to make that 11 adjustment. Without radiosondes in the 18Z analysis, the increments are relying on remotely 12 sensed observations. Satellite data will be considered in section 3d. 13
b. Three Dimensional Water Vapor Budget 14
While it is often convenient to study the vertically integrated water vapor budget, 15 physical, dynamical and assimilation processes are occurring in three dimensions and so the 16 vertical distribution of the tendencies can be important in understanding the budget. shown to demonstrate the interannual variability of the terms. Some of the largest changes in the 23 precipitation tendency (MST, Figure 7 e and f) occur within the boundary layer (between the 1 surface and 800 hPa), where condensation is being substantially reduced. While the analysis 2 increment is adding some water back in the PBL (Figure 7 c and d) . However, the analysis is 3 adding more water in the middle troposphere (between 800 and 500 hPa), where it is then is 4 increasing the divergence. The turbulent tendency reflects the reduction in surface evaporation. 5
Since the only source of water for land evaporation is precipitation, the changes in evaporation 6 are following that of the precipitation. Observing System Evaluation 20
Observations are the critical component of a reanalysis system, as the system reverts to 21 model simulation (along with its climatological biases) when observations are lacking. Over the 22 US, there are substantial numbers of observations for most of the modern satellite period. The 23 abundance of observations over the US generally implies that the reanalysis climatology and 1 climate variability should be of high quality. Likewise, dynamical terms, such as MFD, should 2 be more reliable than those derived from model physics, such as E-P (Trenberth et al. 2011 ). Yet, 3 a shift occurs in the MFD climatology in both MERRA and ERA-I (Figure 2 ) that, thus far, 4 appear related to the observational analysis. In this section, we use the MERRA Gridded 5
Innovations and Observations (GIO) data to investigate the observing system. 6 Figure 11 shows the spatial and temporal data count of radiosonde derived specific 7 humidity in MERRA. The data provided in GIO are only those that have been assimilated (data 8 rejected from assimilation are not included). In the central US region we are investigating, the 9 radiosonde observations tend to be grouped in the southern third, with another group of stations 10 near the northern third. Over time, the spatial distribution of the stations does not noticeably 11 change (not shown). Of course, when looking at the vertical distribution, mandatory levels have 12 substantially more observations than significant levels. The temporal variability of the 13 radiosonde data contains many changes, some large, some more subtle. It is difficult to account total increment at 06Z and 18Z (Figure 9 and Figure 10 ). The radiosondes provide some stability 5 (regarding analyzed data) for the 12Z and 00Z analysis. However, it is of note that the RMS of 6 the radiosonde forecast departures decrease over the reanalysis period, all the way through to the 7 most recent years ( Figure 12 e and f). The mandatory radiosonde levels also show lower RMS of 8 the forecast departures than the significant levels. 9
The comparison of the ANA and MFD tendencies shows that, for this region, they are 10 correlated well at large space and time scales (e.g. Figure 2 and Figure 3) . While the ANA term 11 is generally related to the water vapor analysis, MFD would be a function of both moisture and 12 wind. The previous discussion suggests that radiosonde water vapor assimilation is not likely 13 involved with the shift in water vapor increments. Conventional wind observations are somewhat 14 more complicated, considering that wind observations are available in all the analysis cycles. 15
There tend to be some increases in the aircraft wind observations after 2000, when Velocity 16 Azimuth Display (VAD) wind profiles start to be assimilated. Some time was taken to evaluate 17 the wind observing system as was presented with the radiosonde water vapor observations. 18
While there are changes to the observing systems around 2000 due to the increase in number of 19 observations (Figure 13) , it is not clear that these would lead to a systematic change in the 20 moisture flux divergence. The wind increment change would need to be arranged as to increase 21 divergence. Such a persistent arrangement seems unlikely to occur and maintain, and was not 22 obvious in evaluation of the background forecast and analysis winds. However, wind 23
observations do serve to demonstrate the complexities of the observing system, and also the 1 difficulty in determining the physical response of the system to analyzed observations. 2
d. Satellite Observation Sensitivity 3
As diverse as the conventional observations are (including satellite data retrievals of 4 physical quantities), the satellite radiances that are assimilated add complexity and data volume 5 to the input data records. In this first version of GIO, we have elected to simplify the satellite 6 data by not producing grids every 6 hours, as with conventional data, but provide monthly and 7 monthly diurnal cycle (4 analysis times per month). These include the average brightness 8 temperatures and forecast departures for each month including the data count for each grid point. 9
Consider that each instrument has multiple channels and spatial distribution at each analysis 10 time. Multiple instruments may exist at any given time and any given region, though whether 11 their orbits allow for observations to coexist and be assimilated in a given analysis cycle is not 12 necessarily easily diagnosed. We first look at the available satellite observations in the region of 13 interest to ascertain any obvious changes in the satellite observing system that may lead to 14 changes in the analysis increment and water budget. Satellite systems document the quality of remotely sensed data and when channels are 12 disabled, but this information is not centrally available relative to a reanalysis for all available 13 instruments and channels. Furthermore, one aspect of the satellite observing system not easily 14 documented is the regional distribution of data accepted and assimilated in a reanalysis. A 15 strength of GIO data is that this information is easily accessible, and flexible enough for 16 consideration in most projects. As an example, we use GIO to characterize the satellite 17 water vapor increments centered at 700 hPa in the 06Z analysis. In the 18Z analysis, AUMSUA 21 is causing the large positive increments at 700 hPa with some contribution from AIRS, though 22 AIRS contribution to drying above 500 hPa is also apparent. Subsequent tests were designed to 23 identify the AMSUA channels leading to the strong water vapor increments. ASMUA window 1 channels (1, 2, 3, and 15) are the primary cause of the boundary layer drying increments (Figure  2   17 ). In the 18Z analysis, the window channels are only partly contributing to the peak source of 3 water at 700 hPa. The other part (from 700 hPa to the surface) comes from channel 5, which is 4 sensitive to the atmospheric temperature. Channel 4, which is sensitive to the water vapor, plays 5 a much smaller role on the water vapor increments, but does add water at 700 hPa and remove 6 water in the PBL. In subsequent NASA reanalyses, AMSUA window channels will not be 7 included in the assimilation for impacts much more global than identified here (Rienecker et al. 8 2011) . At this point, we have not tried to isolate the AIRS channel contributions. The influence 9 and appropriateness of AIRS and AMSUA Channel 5 on the continental US water vapor 10 increments will require further study. 11
Summary and conclusions 12
Reanalyses continue to be developed and improved over time, and the research 13 community demands more quality and detail in global and regional processes. However, the 14 crucial underlying observing system is a complex collection of diverse variables, each with 15 incomplete spatial and temporal coverage. Ideally, we would like to be able to assess 16 inconsistencies in the resulting reanalysis and identify physical improvements to the system, 17 such as the suggestion to incorporate irrigation as a source of water in the Central US to improve 18 the water cycle there (as suggested by Trenberth et al. 2011 in regards to Figure 1) . In this study, 19 we investigate a deficiency in the physical fields of the regional water budget of the Central 20 United States, then use the closed regional water budget, three dimensional water vapor analysis 21 increments and the assimilated observations to evaluate the reanalysis data. 22
Vertically integrated water vapor increments are related to an anomalous MFD feature 1 presented in Figure 1 , which starts in the early 2000s, but before that had more realistic features 2 (in other words, the negative divergence implies more precipitation than evaporation). The 3 vertically integrated MFD and increments only revealed part of the problem, as there was a 4 distinct positive increment, yet precipitation decreased while the divergence increased. This is 5 explained by looking at the vertical profiles of MFD and the analysis increment, but only after 6 the diurnal variations of the 4 analysis cycles are considered individually. The water vapor 7 increments change dramatically around March 2001, but especially in the 06Z and 18Z analysis 8 cycles, where water vapor was being added above the boundary layer and the analysis 9 increments were taking away water in the lowest layer. This time is also collocated with the first 10 warm season to include NOAA16 data assimilation, including AMSUA, AMSUB and HIRS3. 11 NOAA16's orbit at launch covered the Central US during the 06Z and 18Z analysis cycles 12 initially (crossing time drift affects that over a period of years). However, the Aqua AMSUA and 13 AIRS instruments began providing data at the end of 2002 and also contributed to the 06Z and 14 18Z analysis cycles in the central US. Observing system experiments narrowed the source of the 15 changing analysis increments (and hence MFD) to the assimilation of AMSUA window channels 16 and channel 5, but also AIRS. 17
The GIO data provide a fundamental part of evaluating the observing system and its 18 variations in time over this region. The gridding permits quantitative evaluation that can be 19 performed across all the assimilated observations, from radiosonde to radiance. While these data 20 are produced for all reanalyses, they are generally in formats that require additional time and 21 effort to use, and may also be more difficult to gain access. The gridded observations guided 22 sensitivity tests to isolate the systems that affect the water vapor increments in the Central US. 23
In subsequent work, we hope to evaluate the forecast departure and analysis increments of each 1 observing type, along with more advanced diagnostics of the analysis (e.g. Desroziers et al. producing the sensitivity studies is greatly appreciated. We also thank Christopher Redder for his 11 initial efforts in developing the GIO data files. 12 13 Tables  1   Table 1 
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